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A radiatively stable de Sitter spacetime is constructed by considering an intrinsically non-
commutative and generalized-geometric formulation of string theory, which is related to a family
of F-theory models endowed with non-trivial anisotropic axion-dilaton backgrounds. In particular,
the curvature of the canonically conjugate dual space provides for a positive cosmological constant
to leading order, that satisfies a radiatively stable see-saw-like formula, which in turn induces the
dark energy in the observed spacetime. We also comment on the non-commutative phase of the
non-perturbative formulations of string theory/quantum gravity implied by this approach.
String theory [1] still represents one of the most
promising approaches for a consistent theory of
quantum gravity and matter. Yet, ever since the
seminal discovery of dark energy in the late 1990s [2],
string theory has been attempting to deal with this
central ingredient of fundamental physics. (For the
most recent measurements of the Hubble constant
and the associated discrepancies (see [3]). The ex-
istence and realization of de Sitter space as a solu-
tion in string theory (and dark energy in the observ-
able universe) is still considered an outstanding open
question [4], and the interest in this fundamental is-
sue has been recently reignited in [5] (see also [6]).
In this letter we argue that one can successfully ad-
dress the problem of the observed dark energy and de
Sitter spacetime in a generic, non-commutative gen-
eralized geometric phase-space formulation of string
theory. In particular, this new approach is realized
in certain stringy-cosmic-string-like toy models [7],
which can be viewed as illustrative of a generic non-
commutative phase of F-theory.
We start our discussion by recalling that we want
string theory to naturally reproduce the following
low energy effective action valid at long distances
of the observed accelerated universe (focusing on
the relevant 3+1-dimensional spacetime X , of the
+−−− signature):
Seff =
−1
8πG
∫
X
√−g(Λ + 12R+O(R2)), (1)
where the O(R2) correction terms arise from string
theory [8]. However, it has proven difficult to pro-
duce the observed dark energy, represented here by
the positive cosmological constant Λ within such a
framework [4, 5].
The generalized geometric formulation of string
theory we have in mind has been recently discussed
in [9–13], and derives from the underlying chiral
world-sheet Hamilton’s action for the strings
Sstr=
1
4π
∫
Σ
[
∂τX
A(ηAB+ωAB)−∂σXAHAB
]
∂σX
B,
(2)
where Σ is the worldsheet, and XA, (A = 1, ..., 26,
for the critical bosonic string) combine the sum (xa)
and the difference (x˜a) of the left- and right-movers
on the string. The mutually compatible dynamical
fields ωAB(X), ηAB(X) and HAB(X) are: the anti-
symmetric symplectic structure ωAB, the symmetric
polarization metric ηAB and the doubled symmetric
metricHAB, respectively, defining the so-called Born
geometry [9]. This new framework for string theory
based on a quantum space-time captures the essen-
tial non-locality of any quantum theory [11]. Also,
ωAB governs the Hilbert structure of a quantum the-
ory, which is ignored in the standard spacetime in-
terpretation of string theory [1], whereas the usual
Kalb-Ramond (Bµν) field (the origin of the axion
field in string theory) is associated with the sym-
plectic structure ωAB, rather than the doubled met-
ric [13]. Quantization renders the doubled “phase-
space” operators XˆA = (xˆa/λ, ˆ˜xb/λ) inherently non-
commutative, inducing [13]:
[Xˆa, Xˆb] = iωAB, (3)
or, in components, for constant non-zero ωAB,
[xˆa, ˆ˜xb] = 2πiλ
2δab , [xˆ
a, xˆb] = 0 = [ˆ˜xa, ˆ˜xb], (4)
where λ denotes the fundamental length scale, such
as the Planck scale, so that ǫ = 1/λ is the corre-
sponding fundamental energy scale. This was found
2by examining the simplest example of the canon-
ical free string compactified on a circle, in an in-
trinsically T-duality covariant formulation of the
Polyakov string. Full spacetime covariance is main-
tained in this description and the string tension is
naturally the ratio of the fundamental length and
energy scales, α′ = λ/ǫ = λ2. This fundamen-
tal non-locality is independently confirmed by ex-
amining the algebra of vertex operators in the 2d
CFT of a free string compactified on a circle [9–
13]. The non-trivial commutators (4) imply the cor-
responding complementary indeterminacy relation,
∆xa∆x˜b∼λ2δab , where the xˆa coordinate operators
may be associated with short-distance (UV) “space-
time,” while the ˆ˜xb span reciprocally long (IR) dis-
tances. It then naturally follows that all local ef-
fective fields must be regarded a priori as bi-local
φ(x, x˜) [11], subject to (4), and therefore inherently
non-local in the conventional xa-spacetime. Such
non-commutative field theories [14, 15] generically
display a mixing between the UV and IR physics.
To have a well-defined continuum limit one has to
appeal to a double-scale renormalization group (RG)
and the self-dual fixed points [12, 15]. Such a double
RG flow also leads to a world-sheet Lorentz invari-
ant formulation of (2) and at the relevant self-dual
fixed point [12].
We will now argue that the generalized geomet-
ric formulation of string theory discussed above pro-
vides for an effective description of dark energy that
is consistent with a de Sitter spacetime. This is due
to the theory’s chirally and non-commutatively (4)
doubled realization of the target space. To this end,
note that the natural stringy effective action on the
doubled non-commutative (4) spacetime (xa, x˜a) is
Snceff =
∫∫
Tr
√
g(x, x˜)
[
R(x, x˜) + Lm(x, x˜) + . . .
]
,
(5)
where the ellipses denote higher-order curvature
terms induced by string theory (1). (Here we have
included the matter Lagrangian Lm as well.) Owing
to (4), this Snceff clearly expands into numerous terms
with different powers of λ, which upon x˜-integration
and from the x-space vantage point produce various
effective terms. To lowest (zeroth) order of the ex-
pansion in the non-commutative parameter λ of Snceff
takes the form:
Sd = −
∫∫ √
−g(x)
√
−g˜(x˜)[R(x) + R˜(x˜)], (6)
a result which first was obtained almost three
decades ago, effectively neglecting ωAB in (3) by as-
suming that [xˆa, ˆ˜x] = 0 [16, 17]. In this leading limit,
the x˜-integration in the first term of (6) defines the
gravitational constant GN , and in the second term
produces a positive cosmological constant constant
Λ > 0. It also follows that the weakness of gravity
is determined by the size of the canonically conju-
gate dual space, while the smallness of the cosmo-
logical constant is given by its curvature. (Higher
order terms in λ produce various forms of dark en-
ergy and this may even provide for a way of ad-
dressing the recent conflicting measurements of the
Hubble constant [3].) Given this action, we may pro-
ceed following Tseytlin [17]: integrate out the dual
spacetime coordinates, write the effective action as
S¯ ∼ V˜ ∫
X
√
−g(x)R(x) + ..., where V˜ = ∫
X˜
√
−g˜(x˜),
and then relate the dual spacetime volume to the
observed spacetime volume as V˜ ∼ V −1. This pro-
duces an “intensive” effective action [17]
S¯ ∼ 1
V
∫
X
√
−g(x)(R(x) + Lm(x)). (7)
By concentrating on the classical description first
(we discuss below quantum corrections and the cen-
tral role of intrinsic non-commutativity in string the-
ory) we get the following Einstein equations [17]
Rab − 1
2
Rgab + Tab +
1
2
S¯ gab = 0, (8)
where the matter energy momentum tensor Tab ≡
∂Lm
∂gab
− 12Lmgab. (In what follows we assume that Lm
contains, apart from the Standard Model-like mat-
ter, also the hallmark stringy matter — the axion-
dilaton system). The effective cosmological constant
is now given in terms of S¯ [17]
S¯ ∼ Λ =
∫
X
√
−g(x)(R(x) + Lm(x))∫
X
√
−g(x) . (9)
This result turns out to be directly related to the
prediction of a class of a particular discretuum of toy
models [7, 18–20] that aim to realize de Sitter space
in string theory and that naturally capture several
of the features of the above non-commutatively gen-
eralized phase-space reformulation of string theory.
This family of models is constructed by starting with
an F-theoretic [21] type-IIB string theory spacetime,
W 3,1 × Y 4 × Y 2⊥(×T 2), where the complex struc-
ture of the zero-size “hidden” T 2 fiber of F-theory
is identified with the axion-dilaton τ
def
= α+ ie−Φ
3modulus. Specifically, we compactify on Y 4 = K3
or T 4 and let the observable spacetime W 3,1 (via
warped metric) vary over Y 2⊥, and Y
2
⊥ → S1 × Z,
with the polar parametrization reiθ = ℓez+iθ, while
Y 4 preserves supersymmetry. Finally, we deform
τ to vary non-holomorphically, only over S1⊂Y 2.
By cross-patching two distinct solutions and by de-
forming the apparently singular metric into de Sitter
space, we get the final non-supersymmetric solution.
The codimension-2 solution W 3,1 ⋊ (S1 × Z), has a
positive cosmological constant, Λ, along W 3,1, and
the warped metric is
ds2 = A2(z) g¯ab dx
adxb− ℓ2B2(z) (dz2+dθ2), (10)
where the metric on W 3,1 reads g¯ab dx
adxb =
dx20 − e2
√
Λ x0 (dx21 + dx
2
2 + dx
2
3), and where z =
log(r/ℓ) ∈ Z. The two explicit solutions for τ
are τI(θ) = b0 + i g
−1
s e
ω(θ−θ0) and τII(θ) =
(
b0 ±
g−1s tanh[ω(θ−θ0)]
)±i g−1s (cosh[ω(θ−θ0)])−1. Given
the SL(2;Z) monodromy of the axion-dilaton sys-
tem over a transversal 2-plane Y 2⊥ in the spacetime,
these toy models exhibit S-duality. In generaliza-
tions where various moduli fields replace the axion-
dilaton system, this directly implies T-duality, which
is covariantly realized in the phase space approach.
In these string compactifications, the cosmo-
logical constant within the codimension-2 brane-
world is determined by the anisotropy ∆ω of the
axion-dilaton system whose effective energy mo-
mentum tensor is given via T˜µν = Gτ τ¯ ∂µτ∂ν τ¯ =
diag[0, · · ·, 0, 14ω2ℓ−2] with Gτ τ¯ = − 1(τ−τ¯)2 , where ℓ
is the characteristic length-scale in the transversal
2-plane Y 2⊥ [7, 19, 20]:
Λ ∼ ∆ω
2
ℓ2
implies MΛ∼M2/MP , (11)
relating the mass scales of the vacuum en-
ergy/cosmological constant (MΛ), particle
physics/Standard Model (M), and the Planck
scale (MP ). This see-saw formula can be seen to
arise in two ways. First, the formula (11) may
be understood as a consequence of dimensional
transmutation, whereby the (modified) logarithmic
nature of the transversal Green’s function [18]
(characteristic only of codimension-2 solutions)
relates the length-scales ℓ and
√
Λ [19]. Alter-
natively, the see-saw formula (11) follows from
adapting Tseytlin’s result for S¯ to the models
of [7, 19, 20]: In the denominator of (9), the volume
of the transversal 2-plane produces the length scale∫
Y 2
⊥
√
−g(x)∝ ℓ2; the numerator∫
Y 2
⊥
√
−g(x)(R(x) + Lm) ∝ ∆ω2,
∆ω2
def
=
(
ω2 − ω2c A2(z=0)
)
,
(12)
reproduces the anisotropy variance of these axion-
dilaton profiles, whereas the remaining volume-
integration renormalizes the Newton constant as re-
quired in [18, 19]. The anisotropy ω determines the
above axion-dilaton stress tensor for the de Sitter
solution, and asymptotes to the Minkowski cosmic
brane limit ωc at z → 0. Note that in the F-theory
limit, ω → 0 and ωc → 0. This singular super-
symmetric configuration is deformed into a de Sit-
ter background by turning on an anisotropic axion-
dilaton profile. Thus Λ that figures in the see-saw
formula can be understood as being related to the
cosmological breaking of supersymmetry.
However, these results from the commutative limit
are not stable under loop corrections, which has
been addressed in the recent work of Kaloper and
Padilla (called the sequester mechanism) who also
extended these results to loops of arbitrary order,
in the effective field theory [22] (see also the re-
view [23]). In that context, the effective field the-
ory expansion has to have another global scale, s,
so that the sequestering action is proportional to∫
X
√−g[ R2G + s4Lm(s−2gab) + ΛG ] + σ( Λs4µ4 ), where
µ is a mass scale and σ( Λ
s4µ4
) is a global interac-
tion that is not integrated over [22, 23]. This can
be provided by our set up: Start with bilocal fields
φ(x, x˜) [11], and replace the dual labels x˜ and also λ
(in a coarsest approximation) by the global dynam-
ical scale s ∼ ∆x˜∼λ2∆x−1. Also, normal ordering
produces σ. This would be an effective realization
of the sequester mechanism in a non-commutative
phase of string theory. Furthermore, the intrinsic
non-commutativity of the zero modes x and x˜ (4)
corrects the zeroth order results in λ in several ways.
In particular, it is natural to ask whether the non-
zero ωAB in (3) stabilizes the cosmological constant
directly on the level of the effective non-commutative
action. The fully non-commutative analysis is intri-
cate, but for conformally flat metrics, gµν = φ
2ηµν ,
the action (5)–(6) produces a non-commutative Λφ4
theory, which is a natural non-commutative general-
ization of the effective action for conformal metrics∫
X
(∂µφ∂
µφ+Λ3 φ
4), with the non-commutative prod-
uct depending on λ. Unlike the commutative limit
4of the theory, the beautiful results of Grosse and
Wulkenhaar [24] demonstrate the non-perturbative
solvability of the above non-commutative Λφ4 the-
ory, explicitly showing the finite renormalization
of Λ in terms of the bare coupling. At least in
this highly simplified, conformal degree limit, non-
commutativity thus can afford a small, radiatively
and perhaps even non-perturbatively stable cosmo-
logical constant for the non-commutative form of the
“doubled” effective action. is naturally related to the
Planck scale. However, non-commutative field the-
ories have both UV and IR scales and the effective
description is defined by expanding around self-dual
fixed points, and it is organized by keeping both the
Wilsonian UV cutoff as well as the IR scale. This
clearly meshes nicely with the UV and IR aspects of
the see-saw formula. Identifying MΛ and MP as the
IR and UV cut-offs, respectively, the double-scale
RG flow identifies a self-dual fixed point [14, 15].
Given that the phase-space formulation [9–13] is a
T-duality covariant description of string theory, this
naturally relates MP →M2/MP under T-duality.
The prediction of our models [7, 20] MΛ∼M2/MP
then satisfies these conditions, with MP ∼ ǫ=1/λ
the fundamental energy scale corresponding to the
fundamental length λ, which is consistent with ob-
servations provided M is a TeV scale.
In the context of F-theory (see also [25]), in
which our cosmic-string-like solution naturally finds
its habitat, we are led to contemplate a non-
commutative phase of F-theory (see also [26], and
[27]) in which this approach to dark energy in string
theory is realized. Our effective string-like [28] con-
struction implies that the breaking of supersym-
metry (which underlies the canonical commutative
formulation of F-theory) is related, in our stringy-
cosmic-string-like solution, to the emergent de Sit-
ter solution, in the full non-commutative (and non-
supersymmetric) phase of F-theory. The overall
physics here is closely linked to the old observa-
tion of Witten [29], that supercharges need not
be globally defined in the presence of conical de-
fects, and the mass splitting between superpart-
ners is controlled by the strength of the conical de-
fect. (For the corresponding four-dimensional gen-
eralization and relation to the cosmological con-
stant, see [30].) When discussing a non-commutative
phase of F-theory it is natural to invoke the IIB
matrix model [31], which describes N D-instantons
(and is by T-duality related to the Matrix model
of M-theory [32]). Given Eq. (2), we can suggest a
new covariant non-commutative matrix model for-
mulation of F-theory, by writing in the large N
limit ∂σX
C = [X,XC ] (and similarly for ∂τX
B)
in terms of commutators of two (one for ∂σX
C
and one for ∂τX
C) extra N ×N matrix valued chi-
ral X’s: SncF=
1
4piTr[X
a,Xb][Xc,Xd]fabcd, where in-
stead of 26 bosonic X matrices one would have
28, with supersymmetry emerging in 10(+2) di-
mensions from this underlying bosonic formulation.
By T-duality, the new covariant M-theory matrix
model reads as SncM=
1
4pi
∫
τ
Tr
(
∂τX
i[Xj ,Xk]gijk −
[Xi,Xj ][Xk,Xl]hijkl
)
, with 27 bosonic X matrices,
with supersymmetry emerging in 11 dimensions.
Note that the information about ωAB, ηAB and HAB
is now contained in the new dynamical backgrounds
fabcd in F-theory, and gijk and hijkl in M-theory.
In conclusion, we have argued that the doubled,
non-commutatively generalized geometric formula-
tion of string theory leads naturally to dark en-
ergy, represented by a positive cosmological con-
stant to lowest order. The intrinsic stringy non-
commutativity is the new crucial ingredient respon-
sible for the radiative stability of the effective cosmo-
logical constant. Also, an effective cosmic-string-like
solution of F-theory naturally fits into this formal-
ism and it leads to a see-saw-like formula for the
cosmological constant. Note also that Starobinsky
inflation [33] may appear as a natural product of
the higher order terms in the λ expansion that, af-
ter integrating over x˜ can result in
∫
X
√−g(R+aR2)
(at the next to leading order in λ). Starobinsky in-
flation beautifully fits the observed data [34], and
is non-supersymmetric — which is consistent with
the supersymmetry-breaking nature of our construc-
tion. Finally, our discussion naturally relates to the
observationally supported proposal for dark matter
quanta that are sensitive to dark energy [35].
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